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Two size-based separation strategies are evaluated for suspensions consisting of

giant unilamellar vesicles with a broad, continuous distribution of diameters.

Microfluidic devices were designed to separate an initial suspension into larger and

smaller particles via either filtration or inertial focusing. These separation mecha-

nisms were tested with suspensions of vesicles and suspensions of rigid spheres

separately to illustrate the effect of deformability on separation ability. We define

several separation metrics to assess the separation ability and to enable comparison

between separation strategies. The filtration device significantly reduced the poly-

dispersity of the separated vesicle fractions relative to the starting suspension and

displayed an ability to separate vesicle suspensions at high throughputs. The device

that utilized inertial focusing exhibited adequate polydispersity reduction and per-

formed best with diluted vesicle suspensions. The inertial device had fewer issues

with debris and trapped air, leading to short device preparation times and indicating

a potential for continuous separation operation. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984302]

INTRODUCTION

Many diagnostic applications depend on the ability to separate suspensions of cells into

components of interest. Microfluidic devices provide ways to conduct these separations without

requiring the extra step of cell labeling, which could change the properties of cell. Microfluidics

also offers a low cost approach by requiring minimal sample amounts and easily accessible

equipment.1–3 Most separation devices are tested on rigid spherical particles or with suspensions

of red blood cells (RBCs); however, devices showing good separation results with rigid particles

do not necessarily yield the same performance when using a suspension of deformable par-

ticles.4,5 Testing separation devices with suspensions of vesicles allows for the effect of deform-

ability to be included, while also providing the ability to investigate a broader range of particle

sizes than those that are available from testing a suspension of cells.

Besides the advantages of using vesicles to test the separation devices, vesicle suspensions

have intrinsic value for study after the separation process. Vesicles serve as a simple model for

cells as they exhibit behavior similar to RBCs in channel flow conditions,6,7 and they have

potential as drug delivery vehicles.8 The thin lipid membrane of vesicles is characterized by a

resistance to bending, but, unlike the membrane of RBCs, it is fluid and offers negligible resis-

tance to shear. Experiments have been conducted on single vesicles in simple Poiseuille flow in

an attempt to understand the physics behind vesicle migration lateral to the flow direction;9

extensive computational investigations into what controls the flow behavior of vesicle suspen-

sions have also been conducted.10–18 The theory and computational studies have so far only

considered either monodisperse or bidisperse suspensions, leading to a need for vesicle suspen-

sions with reduced polydispersity—such as those that have undergone size separation—if

experiments to study the collective migration behavior of vesicle suspensions are to be per-

formed and compared to the theory and simulation.

Experimental studies of suspension flow behavior of vesicles require, ideally, the ability to

generate suspensions of monodisperse, deformable particles; however, generation of monodisperse
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giant unilamellar vesicles can be very difficult. Microfluidic methods19 that have been tried

include utilizing water-oil-water emulsions,20,21 but this process is very sensitive to initial startup

conditions and tailoring the hydrophobicity/hydrophilicity of channel walls and has not yet been

optimized for consistent generation of vesicles. Electroformation22 is a technique that produces

many unilamellar (rather than multilamellar) vesicles, but the suspension produced is usually

very polydisperse with a wide range of vesicle sizes (Fig. 1). Other methods23,24 that generate

vesicles include gentle hydration, extrusion, and sonication, but these methods produce predomi-

nantly multilamellar vesicles or vesicles that are less than 1 micron in diameter, much smaller

than the size range of interest, around 10–20 lm, which is of the same order as cells.

An alternative to microfluidic generation of monodisperse vesicles is to make polydisperse

suspensions followed by size-based separation to produce suspensions with limited polydisper-

sity. Label-free separation methods are attractive due to their ability to preserve the original

vesicle (or cell) properties. These include filtration via obstacles (by weirs, pillars, cross-flows,

or membranes), hydrodynamic filtration and pinched flow fractionation, deterministic lateral dis-

placement, and inertial focusing, among others.3 Here, we consider two separation schemes

from this group: a cross-flow filter (that utilizes a size exclusion mechanism) and an inertial

focusing separator. The filter was chosen because this design has shown promising results for

use with vesicles;25 however, the extent to which this device reduced the suspension polydisper-

sity was unclear. The inertial device4 was chosen because of positive results on suspensions of

rigid spheres and its potential for adjusting the focusing size cutoff through changing only the

device depth. The chosen designs have the potential to be implemented in a cascade for

improved separation, and both device footprints are small, lending themselves to parallelization

for higher throughput. These two separation schemes are easy to implement, as they do not

require extra equipment to generate external fields (e.g., magnetic, acoustic, and optical), which

other label-free methods might employ. An additional advantage is the potential for extended

runtime and continuous separation.

Below, we discuss the two separation mechanisms in detail and describe different micro-

fluidic devices that were used in this investigation. Metrics to evaluate the separation ability are

also defined. Devices were fabricated and tested with a suspension of rigid spheres and polydis-

perse suspensions of vesicles produced via electroformation. A discussion of the efficacy of the

two approaches is given below.

Separation metrics

A variety of measures are reported in the literature to evaluate separation devices. The met-

rics used depend heavily on the suspension that is being separated and the target component.

Gossett et al. summarized the metrics for separation devices that sorted cells as follows:

throughput, recovery, separation resolution, enrichment, and purity or efficiency.3 Definitions of

these metrics can vary between different groups of researchers, but the most commonly reported

FIG. 1. Polydisperse vesicles produced via electroformation.
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values are some form of throughput, enrichment, separation efficiency, and purity. Throughput

(T) can be reported in terms of the volumetric flow rate, often multiplied by a volume fraction

or cell density to include the effects of dilution.

T ¼ volume

time
¼½ �

lL

min
: (1)

For the following separation metrics, it should be noted that recovered suspensions (after sepa-

ration) from a fraction of the device outlets are recombined before analysis; this is done to

maximize the recovery volume and evaluate the device’s ability to separate the initial suspen-

sion into two groups: a large vesicle suspension and a small vesicle suspension. These recom-

bined suspension outlet streams are denoted as the subscript chosen fraction; they may consist

either of the fraction that contains more of the large vesicles or the fraction that contains more

of the smaller vesicles.

Enrichment (E) entails dividing the ratio of the target particle count (Ntarget) to contaminant

particle count (Ncontaminant) in a specific fraction of outlets by the ratio of the target count to

contaminant count at the inlet

E ¼
Ntarget : Ncontaminant½ �chosen fraction

Ntarget : Ncontaminant½ �inlet

: (2)

The separation efficiency (SE) can be defined as the number of target particles in a separated

fraction divided by the total number of target particles recovered

SE ¼
Ntarget½ �chosen fraction

Ntarget½ �all fractions

: (3)

Here, purity (P) is defined as the number of target particles in a chosen fraction divided by the

total number of particles (both the target and contaminants) recovered from that fraction.

P ¼
Ntarget½ �chosen fraction

Ntarget þ Ncontaminant½ �chosen fraction

: (4)

These separation metrics, in one form or another, have typically been used by groups that tested

their devices on suspensions with clearly differentiated components (e.g., suspensions of rigid

spherical particles of well-separated sizes,26–28 suspensions of blood containing platelets, RBCs,

and white blood cells,29–32 bacteria,33 and tumor cells34,35).5,36

Many suspensions, however, are composed of particles that are not as easily segregated

into categories but are instead characterized by a continuous distribution of sizes. These suspen-

sions include emulsion droplets, vesicles, and some cell populations with a highly polydisperse

distribution of sizes for a single component. Because these suspensions consist of one compo-

nent, the target population is identified using a size cutoff,4,25,37 where the target population is

either above or below this cutoff and the contaminant population consists of the remaining

sizes. The size cutoff value depends on the end application for the suspension of interest and

can be attained by adjusting different design or runtime parameters of the separation device.

Establishing a size cutoff allows for the previously defined separation metrics to be calculated

for vesicle suspensions and provides a way to compare the separation of vesicles to the separa-

tion of rigid spheres or cell suspensions.

The polydispersity index (PDI) is commonly used in describing the breadth of the molecu-

lar weight distribution in polymers for which the synthesis creates a broad, smooth distribution

of molecular weights. The size (i.e., diameter) histograms produced through vesicle analysis

provide analogous data which can also be characterized by a mean vesicle diameter l and a

PDI.38,39 The PDI is simply related to the mean and standard deviation r of the distribution by
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PDI ¼ 1þ r
l

� �2

: (5)

Note that PDI ¼ 1 corresponds to a monodisperse population, where all particles are of identi-

cal size; larger values of the PDI correspond to broader distributions. The mean and PDI are

related to the first and second moments of the distribution and provide meaningful separation

metrics as long as the distributions remain close to normal distributions. However, for highly

asymmetric or skewed distributions (such as the bidisperse suspensions of spheres considered

below), these metrics are less useful. For our vesicle suspensions, the means and PDIs for dif-

ferent devices averaged over several experiments are reported in the supplementary material. In

addition to this information, the difference between the mean diameter lL of vesicles in the col-

lected suspension fraction that contains more particles that are larger than the cutoff size (this

separated suspension fraction is denoted as SL) and the mean diameter lS of particles in the col-

lected suspension fraction that contains predominantly particles below the cutoff size (known as

SS) is reported as Dl ¼ lL � lS. The difference in the polydispersity index (DPDI) between the

PDI of the initial suspension (SI) and the PDI of the large particle fraction SL is also reported.

MATERIALS AND METHODS

Separation mechanisms and device design

Two separation mechanisms are investigated: filtration via a size exclusion mechanism and

inertial focusing. The size exclusion filter was adapted from the study by Woo et al.25 (Fig. 2);

it utilizes 19 filter channels that are 10 lm wide to remove vesicles below this size from the

rest of the suspension. A pinching flow, introduced at the start of the filter section, along with

FIG. 2. Schematic of filter design. (Top) Size exclusion mechanism. (Bottom) Design parameters.
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wide outlet channels downstream of the filter (150 lm or larger), facilitates the flow of the sus-

pension through the filter channels. The volumetric flow rate of the pinching flow was kept at

one third that of the suspension volumetric flow rate; the total flow rate through the device was

667 ll/h, chosen after consideration of the work done by Woo et al.25 The smaller filter chan-

nels offer more resistance to or exclude the larger vesicles, while allowing the smaller vesicles

to flow through. Outlets placed downstream of the filter section collect a suspension of mostly

small vesicles, while outlets along the main channel collect fluid that bypasses the filter and

collect mostly large vesicles. The height of the device was either 30 lm or 60 lm for the vesi-

cle experiments and was 50 lm for the sphere experiments to mitigate clogging of the filter

channels. 30 lm was chosen as a minimum height since the vesicle size of interest was around

10–20 lm. A bifurcation is introduced in the main channel after the filter section to skim off

the excess sucrose that was introduced by the pinching flow. Three different bifurcation designs

were used. These are illustrated schematically in Fig. 3. One has the large vesicles pulled off

the main channel first [Fig. 3(a)], another has the skimmed sucrose pulled off of the main chan-

nel first [Fig. 3(b)], and the third design has the bifurcation as a Y-shape, where the vesicles

and excess sucrose diverge from the main channel at the same location [Fig. 3(c)].

The inertial separator is based on a design proposed and discussed by Di Carlo et al.4 (Fig. 4).

The inertial separator is run at higher flow rates so that fluid inertia affects the particle behavior.

The inertial flow regime falls in a Reynolds (Re) number range of 10–200. Re is defined here as

Re ¼ qhviDh

lf

; (6)

where q is the fluid density, lf is the fluid viscosity, Dh is the hydraulic diameter of the chan-

nel, and hvi is the average flow velocity in the channel. Inertial lift forces and Dean drag forces

introduced by the curving channels compete; both of these hydrodynamic forces depend on par-

ticle size. If the particle diameter is above a certain size cutoff, the inertial lift forces dominate

and the particles will focus to a narrow band of streamlines by the end of the channel. If the

FIG. 3. (a) Filter1 bifurcation design. (b) Filter2 bifurcation. (c) Filter3 bifurcation.

FIG. 4. Schematic of inertial separator design.
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particles are small, the Dean flow dominates and induces mixing in the channel as the direction

of the drag changes with the curvature of the serpentine walls; thus, smaller particles remain

unfocused by the end of the channel. The larger particles will leave via one or two of the multi-

ple outlets and can be collected and used for other studies.

Deformability of vesicles introduces a lift force40 in addition to the inertial lift and Dean

drag that rigid particles experience in these channels. In general, the lift force due to deform-

ability directs the particle towards the channel center,41 although an investigation by Hur

et al.42 reported observations of deformable droplets migrating to equilibrium positions that

were closer than expected to the channel wall when the ratio of internal to external viscosity

fell below a threshold value. While deformability may affect the final equilibrium positions of

migrating particles, inertial focusing and Dean drag mixing are still observed in this system and

others.4,43,44 Thus, the focusing behavior and separation behavior of vesicles in this device are

expected to be similar to those of rigid spheres.

The device height for the inertial separator was modified to work with different suspensions

of interest. Changing the height of the device allowed for different size cutoffs during the sepa-

ration; a device height of 145 lm was chosen for the following vesicle and sphere experiments

based on particle cutoff size calculations proposed by Di Carlo et al.4 The empirical relation

for the hydraulic diameter (Dh) and cut-off diameter (ac) is described by Di Carlo as follows:

Dh2 ¼ Dh1

ac2

ac1

� �3
4

; (7)

where ac1 and Dh1 are the cutoff diameter and the hydraulic diameter, respectively, found in

the results of Di Carlo’s work (at Re¼ 115, ac1¼ 4 lm, and Dh1¼ 90 lm), and Dh2 and ac2 are

the hydraulic diameter and particle cutoff size for a new device and can be used to predict the

proper device dimensions for a desired cutoff diameter. Due to interest in obtaining two suspen-

sions of large unilamellar vesicles with average diameters of either 10 lm (as a model for red

blood cell suspensions) or 20 lm (as a rough approximation for leukocytes or other cells), a

cutoff size between 10 and 20 lm is desired. These devices were prepared with the dry film

photoresist protocol (described below) that utilizes a photoresist film of predefined thickness. A

channel height of 145 lm is accessible, and an inertial separation device with these dimensions

has an expected size cutoff of 13 lm, which falls between 10 and 20 lm as desired.

Microfabrication

Microfluidic devices were fabricated using standard soft lithography techniques. Designs

were drawn using AutoCAD (Autodesk), and masks were printed on mylar by Fine Line

Imaging (Colorado Springs, CO). Device masters were fabricated with either SU-8 2050 photo-

resist from MicroChem on silicon wafers or by using a dry film photoresist (Riston GoldMaster

GM130 photoresist, DuPont) that was laminated in multiple layers onto stainless steel wafers.

Following exposure, this dry film photoresist can be developed away with a 1% K2CO3 solu-

tion, a much quicker and more benign process relative to the SU-8 development. The develop-

ment of the unexposed dry film photoresist must be performed meticulously, as high aspect

ratio (AR) channels (channel height/channel width >1) are prone to overdevelopment and sub-

sequent delamination from the substrate. For the inertial device, development of channels

resulting in an AR of about 4 was obtained. Additional details of the dry film photoresist pro-

cess can be found in the study by Khalkhal et al.45

The Sylgard
VR

184 Silicon Elastomer Kit (Dow Corning) was used to make polydimethylsi-

loxane (PDMS) devices from the fabricated masters. The elastomer base was thoroughly mixed

with the elastomer curing agent in a 10:1 ratio. This mixture was left to degas under vacuum

for 30 min to an hour at room temperature. The degassed PDMS was poured over the master

mold and degassed for another 30 min to an hour under vacuum. After all air bubbles are

removed, the PDMS is cured at 60 �C for 4 h. Inlet holes and outlet holes in the PDMS devices

were punched with a 16 G blunt tip needle (McMaster-Carr). PDMS devices were bonded to
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glass coverslips (Fisherbrand, cover glass #1) using a handheld laboratory corona treater (BD-

20AC, Electro-Technic Products). Syringes were threaded using a 23 G needle (BRICO Products)

and were connected to the devices with Tygon
VR

tubing (ID 0.020 Saint-Gobain PPL Corp.).

Materials

Suspensions of rigid spheres consisted of 0.025% v/v total sphere concentration of fluores-

cent polystyrene spheres. 0.02% v/v were 15 lm in diameter (FluoSpheres
VR

yellow-green, ex/

em 505/515 nm, Life Technologies) and 0.005% v/v were 2 lm in diameter (Fluoro-MaxTM

green, Thermo Scientific). To prevent particle aggregation, suspensions also contained 1% v/v

Tween-20 (Sigma-Aldrich). To ensure that spheres were neutrally buoyant, the suspension was

7% NaCl by mass.

Vesicles were prepared via electroformation22 from 2 mg ml�1 total lipid mixtures that are

20% (0.4 mg ml�1) 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glyc-

ero-3-phosphocholine (NBD PC, ex/em 460/534 nm, Avanti Lipids) and 80% (1.6 mg ml�1)

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Lipids). Lipids were dissolved in a

95% chloroform, 5% acetonitrile solvent. 15 ll was deposited and spread onto indium tin oxide

(ITO) coated glass slides (Delta Technologies, Limited) with a Hamilton gas-tight syringe. The

solvents were then evaporated under vacuum for 30 min. A 1.6 mm rubber gasket trimmed to fit

the ITO slide (leaving a small gap along one edge) was placed between two lipid-coated ITO

slides. Copper tape is used to connect the ITO electrodes to a function generator (Agilent

33220A). This electroformation cell was held together using small binder clips; a small gap is

left through which 100 mM aqueous sucrose can be deposited. The gap was closed with a bit of

polymer clay (Sculpey). The electroformation protocol utilized a 10 Hz sine wave that was line-

arly ramped from 0.05 V to 1.41 V over 30 min; a 10 Hz, 1.41 V sine wave was then applied for

the next two hours. Finally, a square wave with an amplitude of 2.12 V and a frequency of

4.5 Hz was applied for 30 min.46 Vesicles are sensitive to high shear and must be handled

gently with 18 G syringe needles and wide pipette tips.

Vesicle volume fractions in the starting suspensions were determined using phase contrast

microscopy at the CNR Biological Imaging Facility at UC Berkeley. Images of vesicles in a

hemocytometer counting chamber (Bright-Line Phase, Hausser Scientific Co.) were taken using a

Zeiss AxioImager M1 microscope with a 20� phase objective and a Qimaging Micropublisher

camera. This apparatus included a Sutter Instruments Lambda LS Light Source.

Vesicle deformability is characterized by a capillary number (Ca). The capillary number is

defined47 as

Ca ¼
lf _ca3

j
; (8)

where lf is the fluid viscosity, a is the vesicle radius, j is the bending modulus, and _c is the

characteristic shear rate in a rectangular channel, defined as hvi=Dh. Dahl et al. measured the

bending modulus for this system and found j ¼ 6:2� 10�20 J:48 The capillary numbers experi-

enced by the vesicles in the separation devices range from 102 to 105. These large capillary

numbers are due to the high flow rates and consequently high shear rates in the microchannels.

Extensional flows of vesicles at capillary numbers of order 102 to 103 were explored in the

study by Dahl et al.;48 under these conditions, the vesicles did not rupture as long as the initial

vesicle shape was close to spherical. In the present work, our flows are shear dominated. We

estimate the capillary numbers in the shear flow experiments on vesicles of Coupier et al.,9

where no vesicle rupture was reported, as being of order 103. However, we anticipate some ves-

icle loss through breakage at the highest flow rates and Ca in the present experiments.

Separation experiments

Separation experiments with both vesicles and spheres were conducted using fluorescence

microscopy. A Leica DMIRE2 inverted microscope was used with an external light source
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(Leica EL6000). A dual-band excitation/emission filter (Chroma 51004v2, 460–500/510–560 nm)

was appropriate for our system. Objectives used include 10� (Olympus), 20� (Leica), and

water-immersion 63� (Leica). Images and videos were taken by using a monochromatic

Photometrics Cascade 512b CCD camera. The analysis was performed with ImageJ (NIH) and

Matlab (Mathworks).

To prepare separation devices for experiments, 50% isopropyl alcohol (IPA) solutions, fil-

tered using 0.2–0.4 lm filters, were injected to facilitate the removal of air bubbles from the

device. For the sphere experiments, sphere solutions were introduced at this point and kept run-

ning until the IPA solution was flushed from the system before recording data. For experiments

with vesicles, filtered de-ionized water was flowed through to remove the IPA solution. Next, a

solution of filtered 2 mg ml�1 Bovine Serum Albumin (Thermo Scientific Pierce) was injected

and left to sit in the device for at least 5 min. Filtered 100 mM sucrose was then flowed through

the device to wash away the BSA solution. Finally, the vesicle suspension was introduced. The

flow in all experiments was controlled with a syringe pump (Harvard Apparatus PHD 2000).

RESULTS

Device notation

Several devices were used to test the separation mechanisms and strategies for vesicles.

The individual designs are outlined in Table I. Devices are named according to the separation

mechanism (Filter or Inertial) and the device height in microns (e.g., H30 denotes a device that

is 30 microns deep). For the filter devices, three exit configurations were tested, these are indi-

cated by a number (e.g., Filter1), and the corresponding exit configuration is shown schemati-

cally in Fig. 3 and in column 4 of Table I. Different exit bifurcations were tested in filter devi-

ces that were 30 lm in height. 60 lm high filter devices were tested later to examine the

design’s ability to handle increased throughput. For the inertial separation device, only one

height of 145 lm was tested; this height was studied based on considerations of the optimal

hydraulic diameter needed to effect the separation of vesicles that were 15 lm or larger.

Consistency of initial vesicle suspensions

Many electroformation cycles were performed to generate enough vesicles for all of the

experiments. The mean vesicle diameter of the starting suspension was 17.6 6 2.1 lm. The

TABLE I. Device notation.

Name Separation mechanism Device height (lm) Bifurcation design

Filter1 H30 Size exclusion 30

Filter2 H30 Size exclusion 30

Filter3 H30 Size exclusion 30

Filter1 H50 Size exclusion 50

Filter1 H60 Size exclusion 60

Inertial H145 Inertial focusing 145 Not applicable
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mean of the initial suspension’s polydispersity index (PDI) was 1.29 6 0.05. Measurements of

the volume fraction of vesicle suspensions can be difficult to obtain. Standard quantification

techniques (e.g., flow cytometry) use flow rates and focusing solutions that can lead to vesicle

breakup; in addition, a lack of reference solutions for vesicles (used for instrument calibration)

contributes to this difficulty in interpreting data for vesicles from cytometry and other methods.

Therefore, volume fraction measurements were attempted with a hemocytometer. As a first vali-

dation of this technique, a suspension of 10 and 20 lm diameter rigid spheres was analyzed.

The measured volume fractions ranged from 0.035% v/v to 0.048% v/v when the expected vol-

ume fraction was 0.025% v/v. For vesicles, a much broader variation was observed in the vol-

ume fraction measurements of three suspensions from 15% v/v to 47% v/v. A significant frac-

tion of this variation can be attributed to concentration gradients that develop due to sample

evaporation. Very small volumes (10 ll) are used in the hemocytometer, and the settling time

required for the vesicles to sink to the plane with the counting grid is of the same order as the

time for the effects of evaporation to become noticeable. We acknowledge this as a limitation

of this quantification method, but note that efforts to better quantify the volume fraction for

vesicles are beyond the scope of the current study.

Separation metrics

As noted above, sphere experiments used a bidisperse suspension of 2 and 15 lm diameter

particles. To calculate the enrichment, separation efficiency, and purity for the experiments

using this suspension, the target particles were the 15 lm spheres, and the contaminant particles

were the 2 lm spheres. Vesicle experiments utilize a size cutoff to differentiate between the tar-

get and contaminant particles. A size cutoff of 14 lm was established in order to compare the

separation abilities of the filter and the inertial devices. This particular value is the average of

the means of SL and SS for the two different devices. Note that SL is the collected suspension

fraction that contains most of the large vesicles and SS is the collected suspension fraction that

contains primarily small vesicles. Determining the distribution of vesicle diameters in SL and SS

for all separation devices allows for a comparison of the separation ability and quality. Because

applications for both SL and SS exist, the enrichment, separation efficiency, and purity are cal-

culated for each separated vesicle suspension obtained from all separation devices. Metrics cal-

culated for SL are denoted as the subscript L; with these calculations, the target particles are

vesicles with diameters above the size cutoff. Metrics for SS use the subscript S, and target par-

ticles consist of vesicles with diameters below the size cutoff.

For the filter separation devices, SL is the suspension collected from the outlet that bypasses

the filter. SS is the suspension collected downstream of the filter section containing mostly small

vesicles. The filter schematic (Fig. 2) illustrates which outlets correspond to each fraction. For

the inertial separation device, the suspensions collected from outlets 3 and 4 were combined

and used as SL, while the suspensions collected from outlets 1, 2, and 5 were combined to form

SS (see Fig. 4). Two outlets in the inertial device were used for SL as the band of streamlines

the rigid particles and vesicles focused to spanned more than one outlet channel.

Rigid sphere separation

The separation results from the bidisperse suspension of 2 and 15 lm spheres in the 50 lm

high filter device Filter1 H50 are shown in Fig. 5. This and the following histograms compare

the distributions of particle sizes in a suspension before and after separation; these histograms

are generated by counting the number of differently sized particles in a fixed volume of the ini-

tial and separated suspensions. These experiments were run at Re¼ 2.6, calculated with the

hydraulic diameter Dh of the main channel that bypasses the filter section. Note that although

the volume fraction of 15 lm spheres is much higher than that of the 2 lm spheres, the number

fraction of the large spheres is much smaller. Thus, the portion of the initial suspension of

spheres, SI, that was included for size analysis has a large number of small spheres and about

60 total larger spheres (see inset). SL consists of a number of larger spheres but has lower num-

bers of both small and large spheres relative to the initial suspension. SS has even fewer
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spheres; notably, there are almost no large spheres in this fraction. The overall loss of spheres

in this device was expected due to 15 lm spheres being immediately trapped in the filter chan-

nels and causing blockage build up over the device run time. Images of the device, captured

over the course of the experiment, initially show the large spheres being trapped in the filter

channels; eventually, the small spheres are trapped throughout the device as well. The enrich-

ment (E), separation efficiency (SE), and purity (P) for this device are reported in Table II.

There is some enrichment of the large spheres by the device as E¼ 1.8; this indicates that SL

has a number concentration of large spheres that is 1.8 times that of SI. This device also

showed good separation efficiency, as 97% of the total collected large spheres were collected in

SL. However, there was low purity (3%) of large spheres in SL. This means a large quantity of

small spheres remained in the main channel instead of passing through the filter. It is possible

the 15 lm spheres blocking the filter channels contributed to the large number of small spheres

in the large separated fraction, even though small spheres were still able to bypass these

obstructions.

The bidisperse suspension of spheres was also used with the 145 lm high inertial separa-

tion device; these results are shown in Fig. 6. The inertial device was run at Re¼ 77, well

within the flow regime that is influenced by the inertia of the fluid. (Note that this Re was cal-

culated with the Dh of the repeating serpentine unit.) Again, while the volume fraction of large

spheres is higher than that of the small spheres, the number fraction of large spheres is much

smaller; changes in the numbers of large spheres are best examined in the inset of the figure.

Clearly, the large spheres are more concentrated in SL relative to SI; indeed, since we are com-

paring fixed volumes from the inlets and outlets, the histogram reflects a larger total number of

FIG. 5. Filter1 H50 size distributions of initial and separated suspensions of 15 and 2 lm rigid spheres. Inset: Sphere counts

of 15 lm spheres.

TABLE II. Comparison of sphere separation results. Note: Throughput T is calculated for undiluted sphere suspension.

Device E SE (%) P (%) T (ll/min)

Filter1 H50 1.8 97 3 �8

Inertial H145 1.7 90 3 � 550
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large spheres in SL than in SI . Similar to the filter results, SS captured the lowest number of

large spheres. The enrichment, separation efficiency, and purity are reported in Table II. For

this device, E is 1.7; this shows that the inertial device is similarly effective at concentrating

the large spheres to a particular fraction as the filter device. The separation efficiency (SE) is

high at 90%; that is, 90% of the collected large spheres are isolated to SL. Despite the high sep-

aration efficiency, the purity (P) is low at only 3% of the total spheres collected from SL actu-

ally being large spheres. For this device, a low purity is not unexpected. While the large

spheres focus to a narrow streamline or band of streamlines, the smaller spheres remain equally

distributed throughout the main channel, and thus, all of the outlets should have a fairly large

number of small spheres, as observed in Fig. 6.

Vesicle separation

Several different filter devices were tested with vesicle suspensions. The three bifurcation

schemes were tested with the 30 lm high filtration devices at a fairly low Reynolds number

(Re¼ 4.3; Q¼ 667 ll/h) to minimize the vesicle breakup due to high shear in the device. The

ability to run the device for long times depended heavily on controlling device clogging and the

prevalence of the vesicle breakup in the filter channels. Several experiments were averaged to

obtain the separation results’ histogram for Filter1 H30 in Fig. 7. Good separation between the

mean diameter of SL and the mean of SS was observed, as shown through a large Dl (14 lm). SL

is clearly differentiated from SI. At the same time, there is a noticeable decrease in the polydis-

persity of the separated suspensions, SL and SS, relative to SI. A value of DPDI¼ 0.23 between

SI and SL represents a large polydispersity reduction. The separation histograms for Filter2 H30

and Filter3 H30 are shown in the supplementary material; these devices produced reasonable sep-

aration but did not show as high Dl or DPDI (see Table III), which are indicators of separation

ability. Interestingly, there was a noticeable difference in the separation results when the only

physical difference between the three devices was the bifurcation in the main channel that is

placed after the filter section. Possible explanations for this observation are discussed in the fol-

lowing section, “Discussion: Channel resistance in filter devices affects separation ability.” The

previously defined separation metrics, as calculated with a cutoff size of 14 lm, are reported in

Table IV for Filter1 H30. For this device, significant enrichment of the larger vesicles was

observed in SL (EL¼ 4.3). The purity of the large vesicles was also high at 90%. The separation

FIG. 6. Inertial H145 size distributions of initial and separated suspensions of 15 and 2 lm spheres. Inset: Sphere counts of

15 lm spheres.
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efficiency of the large vesicles was calculated to be 64%, implying that a significant portion of

the available large vesicles was not captured in SL. Still, this device shows promise in its ability

to collect a majority of the large vesicles with high purity in SL.

A filter device with deeper channels (so that the vesicles are less confined) was also tested

with vesicles at moderate Re (Re¼ 43; Q¼ 6920 ll/h); the resulting size histogram for Filter1

H60 is shown in Fig. 8. These results are comparable to those for the Filter1 H30 device when

looking at Dl and DPDI, with Dl¼ 13.9 lm and DPDI¼ 0.20 (see Table III). These values

indicate that this device exhibits good separation ability and is able to reduce the polydispersity

well. Because the vesicles were less confined, the throughput of the filter device could be

increased with less clogging over equivalent run time. Table IV displays the enrichment, sepa-

ration efficiency, and purity results for this device. This device showed greater enrichment of

the small vesicles relative to the 30 lm high filter device (ES¼ 6.2 compared to 3.4) and

reduced enrichment of the large vesicles (EL¼ 2.9 versus 4.3). In separation efficiency and

purity, the two filters produced similar results.

After showing good separation ability with the suspension of rigid spheres, the inertial sep-

aration scheme was tested with vesicles at the same Re as used for the spheres, Re¼ 77

(Q¼ 33 000 ll/h). It was observed that the degree of dilution affected the separation ability of

the device, with the more dilute suspensions showing better inertial focusing and separation.

Figure 9 shows how the vesicles focus to a narrower band of streamlines when the volume

fraction (/) is reduced from about 10% to about 2%. Different concentrations of vesicle

suspensions were tested, and the results for the most dilute suspension (1:15 dilution of the

original electroformed suspension, corresponding to / � 2%) are shown in Fig. 10. This size

distribution histogram shows a smaller separation between SL and SS relative to the filter devi-

ces, which is reflected in the Dl value of 5.8 lm (Table III). The inertial device also generated

a more modest DPDI of 0.11, suggesting that its ability to reduce the polydispersity is limited

FIG. 7. Filter1 H30 size distributions of initial and separated suspensions of vesicles.

TABLE III. Comparison of vesicle separation results with the mean size difference (Dl) and polydispersity reduction

(DPDI). Note: Throughput T is calculated for undiluted suspensions.

Separation design Dl (lm) DPDI T (ll/min)

Filter1 H30 14.0 0.23 �10

Filter2 H30 9.7 0.17 �10

Filter3 H30 8.8 0.17 �10

Inertial H145 5.8 0.11 �37

Filter1 H60 13.9 0.20 �115
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relative to the filter device. Table IV contains more separation metrics for the inertial device.

The separation results for the more concentrated suspensions (/ � 6% and / � 10%), and a

preliminary quantification of the dependence of the focusing on the volume fraction, are

reported in the supplementary material. The PDIs of the less dilute separated suspensions were

effectively unchanged relative to the initial suspension polydispersity, indicating that this

TABLE IV. Comparison of vesicle separation results in terms of enrichment, separation efficiency, and purity.

Device Filter1 H30 Filter1 H60 Inertial

EL 4.3 2.9 1.3

ES 3.4 6.2 5.9

SEL 64% 66% 86%

SES 89% 90% 56%

PL 90% 91% 63%

PS 61% 65% 82%

FIG. 8. Filter1 H60 size distributions of initial and separated suspensions of vesicles.

FIG. 9. Dilution of vesicle suspension changes how well the suspension focuses. The least focused suspension has a volume

fraction /ð Þ of ðaÞ � 10% and (b) / � 6%. (c) The best focusing behavior observed with / � 2%.
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separation device was more effective when the suspension concentration was dilute. Of note is

the separation efficiency SEL, which is reported to be 86%, the highest separation efficiency of

the three devices. While this device was adept at collecting a significant majority of the large

vesicles, the purity suffered somewhat, as PL was shown to be 63%. In the case of the purity of

the small vesicles (PS) in the small separated fraction, the inertial device displayed the highest

value at 82%.

DISCUSSION

Rigid sphere suspensions as a first estimation of separation ability

The inertial separator is an example of how using rigid spheres to optimize a separation

device can be very useful. The device needed modifications for higher cutoff sizes, which were

predicted through the empirical relationship of Di Carlo.4 The optimal device height and focus-

ing behavior can be confirmed by using suspensions of rigid particles before testing the device

with more valuable suspensions of vesicles or cells. In this device, the clogging issues were

nearly non-existent due to the large channel widths and heights.

When the filter devices were being tested with suspensions of rigid spherical particles,

however, the filter channels became blocked by the larger spheres almost immediately.

Persistent clogging of the device to this extent was not observed with vesicles in so short of a

time window. The advantage of using rigid spheres as a first estimation on how a separation

device will function is that these suspensions are easy to obtain; however, spheres may not

always offer the best representation of a device’s separation ability, especially if the end appli-

cation involves a suspension of deformable components. The deformability of the suspended

particles appears to play a significant role in the filter device operation, and using rigid sphere

suspensions does not provide an accurate validation of the separation capabilities of the filter

device. This comparison also suggests that fundamentally different designs may be optimal for

separating deformable particles and rigid particles, showing the value in testing devices with

deformable suspensions.

Evaluation of filtration as a separation strategy for vesicles

The filtration device showed good separation capability in the high Dl, DPDI, and purity

values, although these came at the cost of low throughput and severe clogging issues. The

30 lm high devices in particular were especially prone to clogging from debris or lipid residue.

While the reduced vesicle confinement of the 60 lm high device helped to mitigate the clogging

issues, both the 30 lm and 60 lm high devices could be used only once. An advantage of these

devices is that they were able to separate concentrated vesicle suspensions and required no

FIG. 10. Inertial H145 size distributions of initial and separated suspensions of vesicles.
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dilution of the initial vesicle suspension. The 60 lm high filter devices allowed for increased

throughput, while maintaining the separation and PDI reduction capability. The similar separa-

tion results for the two different device heights indicate that—as expected—the smallest dimen-

sion (here, the width of the filter channels) is what controls the size cutoff. The separation

results for this device design also appear relatively insensitive to the Reynolds number, at least

over the range probed (4.3<Re< 43).

The filtration device was adapted from the work by Woo et al.25 who reported a PL <
80%; the filter devices designed here obtained PL¼ 91%. Other separation metrics such as

enrichment or separation efficiency were not reported in the earlier study.

Channel resistance in filter devices affects separation ability

Three different configurations of the bifurcation after the filter section were tested. There

was a noticeable difference in the separation ability of the three designs, as several experimen-

tal replicates yielded different Dl and DPDI values. To investigate the effect of bifurcation

geometry on the flow, a 2D approximation of the channel flow in different designs was simu-

lated with COMSOL (see Fig. 11), where the flow rates of the sample inlet and the pinching

flow were constant across the device designs. These streamline plots show the distribution of

streamlines in the main channel at the last filtration channel of the filter section. The red

streamlines are from the pinching flow inlet introduced before the filter, and the blue stream-

lines are from the inlet where the vesicles are introduced. It is clear that more blue streamlines

from the vesicle inlet remain in the main channel in the Filter1 design relative to the other two,

indicating that more large vesicles were able to exit to form SL in this design. Filter2 and

Filter3 had slightly longer outlet channels, and thus, higher channel resistances, than the outlet

channels in Filter1. This higher channel resistance was likely pushing a greater quantity of large

vesicles through the filter sections of these two devices. Forcing more of the large vesicles

through the filter leads to faster filter clogging and higher numbers of large vesicles in SS. As

the filter clogs, more of the small vesicles will bypass the filter and end up in SL. In both of

these cases, Dl and DPDI will be reduced. These filter devices appear to be quite sensitive to

 

 

a b c 

FIG. 11. COMSOL generated streamlines: blue represents the vesicle inlet and red represents pinch flow inlet. (a) Filter1,

(b) Filter2, and (c) Filter3.
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the outlet channel resistance; optimizing the channel resistance may be one way to tune the sep-

aration ability.

Evaluation of inertial focusing as a separation strategy for vesicles

The inertial device showed higher SEL and PS than the filter devices. Depending on what

suspension parameters are valued, this device shows promise. The greatest advantage of the

inertial device was the reduced run time. This device also experienced minimal clogging, and

when pieces of debris did enter the device, they were easy to remove. This quality allowed the

devices to be reusable. While the H60 filter has the highest throughput rate after taking the

dilution factor into account, the inertial device is still likely to have a shorter overall run time

when including the time required to remove air and debris from the devices before introducing

the vesicles. The inertial devices exhibited acceptable separation and modest PDI reduction

with diluted vesicle suspensions but worked best with dilute suspensions of rigid spherical par-

ticles. If the target particles are the smaller suspension components, and the larger contaminants

are very dilute, this device offers an efficient way to filter out the contaminants from the targets

after optimizing the cutoff size. However, the device is not optimal when the smaller compo-

nent is the contaminant.

This device was modified from the work presented by Di Carlo et al. who reported results

for a polydisperse suspension of PDMS spheres as EL � 4 and ES � 1.4 The modified device

presented in this work had EL¼ 1.3 and ES¼ 5.9 when run with vesicles. Other separation met-

rics were not reported by the Di Carlo group.

Inertial separation requires dilute suspensions

When the suspended particles are being inertially focused to a narrow band of streamlines,

if the vesicle suspension is too concentrated, the vesicles will interact and prevent focusing

from occurring. To facilitate focusing in the inertial separator, vesicle suspensions were diluted

significantly (1/15 of the initial concentration); this makes the throughput of the initial suspen-

sion more moderate, at about 40 ll/min. This volumetric flow rate is still higher than that used

with the H30 filter devices, and the use of this device may be more appealing when the time

required to prepare the inertial devices relative to the filter devices is taken into consideration

or when dilute vesicle suspensions are appropriate for post-separation use.

Separation dependence on the device height

The separation ability of the filter device appears to depend solely on the width of the filter

channels instead of the height. This may be used to greatly increase the throughput while main-

taining the same size cutoff capability. This is in contrast to the inertial device, where changing

the device height directly affects the size cutoff for particles that will be focused. This feature

of the inertial separator allows a single mask design to be used for different separation applica-

tions. One mask can be used to fabricate masters with varying channel heights, each tailored to

the desired size cutoff.

CONCLUSIONS

As interest in the development of microfluidic diagnostic tools grows, the separation of var-

ious components of deformable particle suspensions becomes increasingly important. Using

vesicles to test the separation ability of these microfluidic devices provides valuable insights

into how deformability affects the suspension behavior and can illuminate separation aspects

that are inaccessible if using a suspension of rigid spheres to test the devices’ separation abili-

ties. Vesicles also serve as a model suspension for cell populations and offer a first order esti-

mation of cell behavior in these devices.

The size exclusion filter exhibited good size separation, as well as an ability to significantly

reduce the suspension polydispersity. These devices can obtain higher throughputs while main-

taining similar separation capability by increasing the channel height. They can be used with
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undiluted initial suspensions but are subject to device clogging issues which render the devices

as single use.

The inertial focusing separator had reasonable size separation and modest polydispersity

reduction abilities. It was relatively high throughput, although good separation required dilute

suspensions. These devices had few to no clogging issues, allowing them to be reusable.

If the goal is high purity of a large target particle, the H60 Filter1 device appears to be the

best device to use. If high separation efficiency of the large target particles is desired, the iner-

tial separation device showed the most promising results. The performance of the filter device

is affected by downstream bifurcations in the channel; this should be kept in mind when design-

ing these devices. The inertial device better lends itself to continuous separation since there is a

low incidence of clogging with these devices. These separation devices may be cascaded to

increase the purity or separation efficiency and reduce the polydispersity of the separated frac-

tions. These separated vesicles can be used in further experiments to better understand the flow

behavior of vesicle suspensions and compare with simulations.

SUPPLEMENTARY MATERIAL

See supplementary material for the mean vesicle size and PDI from different separation

devices. The supplementary material also contains a detailed list of separation metric equations

used in this work and the separation histograms for Filter2 H30 and Filter3 H30.
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